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SUMMARY

This report summarizes the radiation exposures to Navy and civilian personnel
monitored for radiation associated with U.S. naval nuclear propulsion plants. As of the
end of 2020, the U.S. Navy operated 70 nuclear-powered submarines, 11 nuclear-
powered aircraft carriers, and three moored training ships. Facilities that build,
maintain, overhaul, or refuel these nuclear propulsion plants include six shipyards, two
tenders, and six naval bases. The benefits of nuclear propulsion in our most capable
combatant ships have long been recognized, and our nuclear-powered ballistic missile
submarines form the strongest element of the U.S. strategic deterrent.

Figure 1 shows that the total radiation exposure in 2020 is about 3 percent of the
amount in the peak year of 1966, even though today there are 17 percent more nuclear-
powered ships in operation and approximately 3 times the number of ships in overhaul.
Total radiation exposure in this figure is the sum of the annual exposure of each person
monitored for radiation. In 2020, the number of ships in overhaul was approximately the
same as 2019 and the total shipyard radiation exposure increased from 372 Rem in
2019 to 383 Rem in 2020 (shipyard average annual radiation exposure per person
increased from 0.013 Rem in 2019 to 0.015 Rem in 2020). The total Fleet radiation
exposure decreased from 142 Rem in 2019 to 134 Rem in 2020 (Fleet average annual
radiation exposure per person increased from 0.008 Rem in 2019 to 0.009 Rem in
2020).

The current Federal annual occupational radiation exposure limit of 5 Rem established
in 1994 came 27 years after the Naval Nuclear Propulsion Program’s (NNPP’s) annual
exposure limit of 5 Rem per year was established in 1967. Until 1994, the Federal
radiation exposure lifetime limit allowed an accumulation of exposure of 5 Rem for each
year of age beyond 18. From 1969 to 1994, no civilian or military personnel in the
Program exceeded its self-imposed 5 Rem annual limit, and no one has exceeded that
Federal limit since then. In fact, no Program personnel have exceeded 40 percent of
the Program’s annual limit between 1980 and 2020 (i.e., no personnel have exceeded
2 Rem in any year in the last 41 years). And no civilian or military Program personnel
have ever, in over 60 years of operation, exceeded any Federal lifetime limit.

Personnel operating the Navy’s nuclear-powered ships receive much less radiation
exposure in a year than the average U.S. citizen does from natural background and
medical radiation exposure. For example, the occupational exposure received by the
average nuclear-trained sailor living onboard one of the Navy’s nuclear-powered ships
in 2020 was less than a thirtieth of the radiation received by the average U.S. citizen
from natural background sources that year. This achievement is possible because of
very conservative shielding designs on these ships (a tenet of the Program since it was
founded in 1948).

Since 1962, no civilian or military personnel in the NNPP have ever received more than
a tenth of the Federal annual occupational exposure limit from internal radiation
exposure caused by radioactivity associated with naval nuclear propulsion plants.

The average occupational exposure of each person monitored since 1954 for radiation
associated with naval nuclear propulsion plants is less than 0.112 Rem per year. The
total lifetime average exposure during this 67-year period is about 1 Rem per person.



According to the standard methods for estimating risk, the cancer risk to the group of
personnel occupationally exposed to radiation associated with naval nuclear propulsion
plants is less than the risk these same personnel have from exposure to natural
background radiation. This risk is small in comparison to both the risks accepted in
normal industrial activities and the risks regularly accepted in daily life outside of work.

This report and other reports produced by the Naval Nuclear Propulsion Program are
available online at:

https://www.energy.gov/nnsa/downloads/naval-reactors-annual-reports
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FIGURE 1
TOTAL RADIATION EXPOSURE RECEIVED BY
MILITARY AND CIVILIAN PERSONNEL IN THE
NAVAL NUCLEAR PROPULSION PROGRAM 1958 - 2020
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EXTERNAL RADIATION EXPOSURE

Policy and Limits

The policy of the U.S. Naval Nuclear Propulsion Program is to reduce exposure to
personnel from ionizing radiation associated with naval nuclear propulsion plants to a
level as low as reasonably achievable.

Prior to 1960, the most restrictive Federal radiation exposure limit used in the U.S. for
whole body radiation was 3 Rem? per 13 weeks. From 1960 to 1994, the Federal
radiation exposure limits used in the U.S. for whole body radiation exposure were

3 Rem per quarter year and 5 Rem accumulated dose for each year beyond age 18.
These limits were recommended in 1958 by the U.S. National Committee ("Committee"
was changed to "Council” when the organization was chartered by the U.S. Congress in
1964) on Radiation Protection and Measurements (reference 1)? and by the
International Commission on Radiological Protection (reference 2). They were adopted
by the U.S. Atomic Energy Commission (AEC) and applied both within the AEC and to
licensees in 1960 (reference 3). On May 13, 1960, President Eisenhower approved the
U.S. Federal Radiation Council recommendation that these limits be used as guidance
for Federal agencies (reference 4). The U.S. Department of Labor adopted these same
limits. A key part of each of these standards has been emphasis on minimizing
radiation exposure to personnel.

In 1965, the International Commission on Radiological Protection (reference 5)
reiterated the quarterly and accumulated limits cited above, but suggested that
exceeding 5 Rem in 1 year should be infrequent. Although none of the other
organizations referred to above changed their recommendations, the Naval Nuclear
Propulsion Program adopted 5 Rem per year as a rigorous limit, effective in 1967.

In 1971, the National Council on Radiation Protection and Measurements (reference 6)
recommended that 5 Rem be adopted as the annual limit under most conditions. In
1974, the AEC (now the Department of Energy) (reference 7) established 5 Rem as its
annual limit. In 1977, the International Commission on Radiological Protection
(reference 8) deleted the accumulated limit and recommended 5 Rem as the annual
limit. In 1979, the Nuclear Regulatory Commission issued a proposed change to the
Code of Federal Regulations, Title 10, Part 20, to require its licensees to use 5 Rem as
an annual limit. On January 20, 1987, revised guidance for Federal agencies was
approved by President Reagan that eliminated the accumulated dose limit discussed
above and established a 5 Rem per year limit for occupational exposure to radiation
(reference 9). The Nuclear Regulatory Commission approved the change to the Code
of Federal Regulations, Title 10, Part 20, that made the 5 Rem annual limit effective on
or before January 1, 1994.

The Naval Nuclear Propulsion Program radiation exposure limits since 1967 have been:

3 Rem per quarter
5 Rem per year

1. 1Rem =0.01 Sievert
2. References are listed on pp. 64-68.



Special higher limits are in effect, such as those for hands and feet; however, there
have been few cases where these limits have been more restrictive than the whole body
radiation exposure limits. Therefore, the radiation exposures discussed in this report
are nearly all from whole body radiation. Consistent with radiation protection guidance
for Federal agencies (reference 9), the regulations of the Nuclear Regulatory
Commission (reference 3), and the recommendations of the National Council on
Radiation Protection and Measurements (reference 10), the Naval Nuclear Propulsion
Program limits occupational radiation exposure to the unborn child of a declared
pregnant worker to 0.5 Rem during the entire period of the pregnancy and controls the
exposure of a declared pregnant worker to 0.05 Rem or less per month during the
pregnancy.

Each organization in the Naval Nuclear Propulsion Program is required to have an
active program to keep radiation exposure as low as reasonably achievable.

Source of Radiation

The radiation discussed in this report originates from pressurized water reactors. In this
type of reactor, water circulates through a closed piping system to transfer heat from the
reactor core to a secondary steam system isolated from the reactor cooling water.
Trace amounts of corrosion and wear products are carried by reactor coolant from
reactor plant metal surfaces. Some of these corrosion and wear products are deposited
on the reactor core and become radioactive from exposure to neutrons. Reactor
coolant carries some of these radioactive products through the piping systems where a
portion of the radioactivity is removed by a purification system. Most of the remaining
radionuclides transported from the reactor core deposit in the piping systems.

The reactor core is installed in a heavy-walled pressure vessel within a primary shield.
The primary shield limits radiation exposure from the gammas and neutrons produced
when the reactor is operating. Reactor plant piping systems are installed primarily
inside a reactor compartment that is itself surrounded by a secondary shield. Access to
the reactor compartment is permitted only after the reactor is shut down. Most radiation
exposure to personnel comes from inspection, maintenance, and repair inside the
reactor compartment. The major source of this radiation is cobalt-60 deposited inside
the piping systems. Cobalt-60 emits two high-energy gammas and a low-energy beta
for every radioactive decay. Its half-life is 5.3 years.

Neutrons (produced when reactor fuel fissions) are also shielded by the primary and
secondary shields. Radiation exposure to personnel from these neutrons during reactor
operation is much less than from gammas. After reactor shutdown, when shipyard and
other support facility work is executed, no neutron exposure is detectable. Therefore,
the radiation exposures discussed in this report are nearly all from gamma radiation.

Control of Radiation During Reactor Plant Operation

Reactor plant shielding is designed to minimize radiation exposure to personnel. Shield
design criteria establishing radiation levels in various parts of each nuclear-powered
ship are personally approved by the Director, Naval Nuclear Propulsion.

Ship design is also controlled to keep locations where personnel need to spend time,
such as duty stations, as far as practicable away from the reactor compartment shield.
Special attention is paid to living quarters. For example, the shield design criteria were
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established such that a person would have to spend more than 48 hours per day in
living quarters to exceed exposure limits (which is impossible, there being only 24 hours
in a day).

Radiation outside the propulsion plant spaces during reactor plant operation is generally
not any greater than natural background radiation. For submarine personnel stationed
outside the propulsion plant, the combination of low natural radioactivity in ship
construction materials and reduced cosmic radiation under water results in less
radiation exposure (from all sources including the nuclear reactor) at sea than the public
receives from natural background sources ashore. Those who operate the nuclear
propulsion plant receive more radiation exposure in port during maintenance and
overhaul periods than they receive from operating the propulsion plant at sea.

Control of Radiation in Support Facilities

Special support ships called tenders for nuclear-powered ships are constructed so that
radioactive material is handled only in specially designed and shielded nuclear support
facilities. Naval bases and shipyards minimize the number of places where radioactive
material is allowed. Stringent controls are in place during the movement of all
radioactive material outside these nuclear support facilities.

A radioactive material accountability system is used to ensure that no radioactive
material is lost or misplaced in a location where personnel could unknowingly be
exposed. Regular inventories are required for every item in the radioactive material
accountability system. Radioactive material is tagged with yellow and magenta tags
bearing the standard radiation symbol and the measured radiation level. Radioactive
material removed from a reactor plant is required to be placed in yellow plastic, and the
use of yellow plastic is reserved solely for radioactive material. All personnel assigned
to a tender, naval base, or shipyard are trained to recognize that yellow plastic identifies
radioactive material and to initiate immediate action if radioactive material is discovered
out of place.

Access to radiation areas is controlled by signs and barriers. Personnel are trained in
the access requirements, including the requirement to wear dosimetric devices to enter
these areas. Dosimetric devices are also posted near the boundaries of radiation areas
to verify that personnel outside these areas do not require monitoring. Frequent
radiation surveys are required using instruments that are checked before use and
calibrated regularly. Areas where radiation levels are greater than 0.1 Rem/hour are
called “high radiation areas” and are locked or guarded. Compliance with radiological
controls requirements is checked frequently by radiological controls personnel, as well
as by other personnel not affiliated with the radiological controls organization.

Dosimetry

Since the beginning of the Naval Nuclear Propulsion Program, personnel radiation
exposure has been monitored using dosimetric devices worn on an individual’s body.
Dosimetric devices are worn on the trunk of the body, normally at the waist or chest. In
some special situations, additional dosimeters are worn at other locations, for example
on the hands, fingers, or head.

Before 1974, film badges like those used for dental x-rays were worn by personnel to
monitor occupational radiation exposure. The film packet was placed in holders
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designed to allow differentiating between types of radiation. The darkness of the
processed film was measured with a densitometer and converted to units of radiation
exposure. When the first personnel radiation exposures were measured in the Naval
Nuclear Propulsion Program, there already was widespread photodosimetry experience
in the Navy and precise procedures existed to provide reproducible results. Each film
badge was clearly marked with a name or number corresponding to the individual to
whom it was assigned. This number was checked by a radiological controls technician
before a worker entered a high radiation area. In high radiation areas every worker also
wore a device that provided an immediate exposure reading called a pocket dosimeter,
which was read by radiological controls personnel when the worker left the area. At the
end of each month when the film badges were processed, the film badge
measurements were compared with the sum of the pocket dosimeter readings. The film
badge results were, with few exceptions, entered in the permanent personnel radiation
exposure records. The few exceptions where film badge results were not entered into
exposure records occurred when material problems with the film caused abnormal
readings, such as film clouding. In such cases, a conservative estimate of exposure
was entered.

Results of numerous tests conducted by shipyards under the same conditions that most
radiation exposure was received showed that film measurements averaged 15 percent
higher than actual radiation exposures. This was a conscious conservatism to ensure
that even in the worst case, the film measurement was not less than the actual radiation
exposure. Film response varies with the energy of the gamma radiation. The
calibration of the film was performed at high energy where the film has the least
response to radiation exposure. Radiation of lower energies corresponding to scattered
radiation from shielded cobalt-60 caused the film to indicate more radiation exposure
than actually present.

Thermoluminescent dosimeters (TLDs) have been the dosimetric devices worn by
personnel to measure their exposure to gamma radiation since 1974. The use of TLDs
permits more frequent measurement of a worker's radiation exposure than film badges
did. TLDs are currently required to be processed at least monthly in naval shipyards
and typically once per quarter for Navy personnel on ships. More frequent processing is
required for anyone entering a reactor compartment or high radiation area when
necessary to ensure individuals do not exceed radiation exposure local control levels.

From 1974 to 2010, a calcium fluoride TLD was used by shipyard and prototype
personnel and by Navy personnel assigned to ships. The calcium fluoride TLD
contained two chips of calcium fluoride with added manganese. It is characteristic of
thermoluminescent material that radiation causes internal changes that make the
material, when subsequently heated, give off an amount of light directly proportional to
the radiation dose. In order to make it convenient to handle, these chips of calcium
fluoride were in contact with a metallic heating strip with heater wires extending through
the ends of a surrounding glass envelope. The glass bulb was protected by a plastic
case designed to permit the proper response to gammas of various energies. Gammas
of such low energy that they cannot penetrate the plastic case constitute less than a few
percent of the total gamma radiation present. To read the radiation exposure, a trained
operator removed the glass bulb and put it in a TLD reader, bringing the metal heater
wires into contact with an electrical circuit. An electronically controlled device heated
the calcium fluoride chips to several hundred degrees Celsius in a timed cycle, and the
intensity of light emitted was measured and converted to a digital readout in units

of Rem. The heating cycle also annealed the calcium fluoride chips so that the
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dosimeter was zeroed and ready for subsequent use. The entire cycle of reading a TLD
described here took about 30 seconds. This rapid readout capability was one reason
for changing from film badges to TLDs.

To ensure accuracy of the calcium fluoride TLD system, periodic calibration and
accuracy checks were performed. For example, calcium fluoride TLDs were checked
when new, and once every 9 months thereafter, for accurate response to a known
radiation exposure. Those that failed were discarded. Calcium fluoride TLD readers
were calibrated once each year by one of several calibration facilities, using precision
radiation sources and precision TLD standards. In addition, weekly, daily, and hourly
checks of proper calcium fluoride TLD reader operation and accuracy were performed
when readers were in use, using internal electronic standards built into each reader.
The calcium fluoride dosimetric system in the Naval Nuclear Propulsion Program was
accredited under the National Voluntary Laboratory Accreditation Program. This
voluntary program, sponsored by the National Institute of Standards and Technology
(NIST, formerly the National Bureau of Standards), provides independent review of
dosimetry services for consistency with accepted standards.

Starting in July 2006, shipyard and prototype personnel began using a new, state-of-
the-art lithium fluoride TLD. In May 2008, Navy personnel on selected ships began to
use the same lithium fluoride TLDs worn by shipyard and prototype personnel. The
transition of all ships to the lithium fluoride TLD was completed in 2010. Tests
performed by the Navy showed that the lithium fluoride and calcium fluoride dosimetric
systems provide an equivalent means of accurately monitoring personnel radiation
exposure. The lithium fluoride dosimetric system also provides additional features such
as an automated readout capability, as discussed below.

The lithium fluoride TLD contains four chips of lithium fluoride with added magnesium,
copper, and phosphorous that are mounted on a card. The TLD card is enclosed in a
plastic case with filters, corresponding to each chip, that were specifically designed to
permit the proper response to gamma, beta, and neutron radiation of various energies. All
lithium fluoride TLDs used by Navy personnel are processed by trained operators at shore-
based facilities. To determine the radiation exposure, a trained operator removes the TLD
card from the plastic case and puts itin a TLD reader. The computer controlled reader
heats the lithium fluoride chips to several hundred degrees Celsius in a timed cycle, and the
intensity of light emitted is measured and recorded. The heating cycle also anneals the
lithium fluoride chips so that the TLD card is zeroed and ready for subsequent use. The
operator can load as many as 1,400 lithium fluoride TLD cards into the reader, which
automatically reads one TLD card at a time. Upon completion of reading the TLD cards
and recording of the light output information, these data are processed in an algorithm to
produce deep and shallow gamma, beta, and neutron dose values.

TLDs measure dose from any radiation source they are exposed to, including natural
background sources that exist everywhere. For lithium fluoride dosimeters, occupational
dose is determined by subtracting the dose due to natural background sources from the
total dose measured by the TLD. To determine what portion of the total dose measured
on the TLD is from natural background radiation versus Naval Nuclear Propulsion
Program sources of radioactivity, control TLDs are stored in the ship in a space far
removed from the propulsion plant during the TLD issue period, or posted in shipyards for
extended periods of time in areas where background radiation is the only source. The
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dose measured by the control TLDs is then subtracted from the total dose measured by
an individual’s TLD so that occupational radiation dose is the only dose recorded for the
worker.

To ensure accuracy of the lithium fluoride TLD system, periodic calibration and
accuracy checks are performed. TLDs are initially calibrated by the Naval Dosimetry
Center. After calibration, TLDs are checked when first received by the local processing
site and at least every three years thereafter by the Naval Dosimetry Center, for
accurate response to a known radiation exposure. Those that fail are not put into
service. Lithium fluoride TLD readers have their calibration response verified daily. In
addition, checks of proper TLD reader operation and accuracy are performed with the
use of quality control TLD cards interspersed among personnel TLD cards. Each
quality control card is exposed to a specific amount of radiation by an irradiator internal
to the TLD reader and is then processed by the reader. The TLD reader is programmed
to halt processing operations if the result of any quality control card is outside of a
specified limit. The electronics and light measurement functions are checked before,
during, and after TLD card processing. The TLD reader automatically stops dosimeter
processing operations if any of these checks are outside a specified range. Personnel
operating the TLD reader are required by procedure to investigate and resolve any
unsatisfactory quality control check prior to continued use of the machine. Qualified
supervisors review all results. Additionally, the lithium fluoride TLD system in the Naval
Nuclear Propulsion Program is accredited under the National Voluntary Laboratory
Accreditation Program (Laboratory Code 100565-0) and all sites are tested to ensure
consistency with accepted standards.

In addition to these calibrations and checks, the Navy has an independent dosimetry
guality assurance program to monitor the accuracy of lithium fluoride TLDs and TLD
readers in use at Naval Nuclear Propulsion Program activities. Precision TLDs are pre-
exposed to known amounts of radiation by NIST, or by a NIST-traceable irradiator at
one of the DOE laboratories. The TLDs are then provided to Program activities for
reading. The activity's results are then compared to the actual exposures. A random
sample of dosimeters in use at the activity being tested is also selected and sent to a
DOE facility for accuracy testing. To ensure objectivity, the activity being tested is not
told the radiation values to which the dosimeters have been exposed and is not
permitted to participate in the selection of the dosimeter sample. If these tests find any
inaccuracies that exceed established permissible error, appropriate corrective action
(such as recalibration of a failed TLD reader) is immediately taken. The results of this
program demonstrate that the radiation to which personnel are exposed is being
measured by the TLD system with an average error of less than 10 percent.

Data gathered in over 20 years of neutron monitoring aboard ships using neutron film
badges demonstrated that the monitored individuals did not receive neutron exposure
above the minimum detection level for neutron film. Naval nuclear-powered ships and
their support facilities now use lithium fluoride TLDs to monitor neutron exposure of the
few personnel exposed to neutron sources, such as for reactor plant instrumentation
source handling. These measured neutron exposures have been added to gamma
exposures in the total whole body radiation exposure in this report, but because neutron
exposures are so low, the radiation exposures in this report are almost entirely from
gamma radiation.

Monitoring for beta radiation is not normally required. Shielding such as the metal
boundaries of the reactor coolant system, clothing, eyeglasses, or plastic contamination
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control materials effectively shields the individual from beta radiation of the energies
normally present. However, all shipyard and Navy personnel are now monitored with
lithium fluoride TLDs which can measure shallow radiation dose (which includes beta
radiation).

Monitoring for alpha radiation is not a normal part of operation or maintenance of naval
nuclear propulsion plants because alpha contamination is not encountered by shipyard or
Fleet personnel. However, alpha surveys are sometimes necessary to identify radon
progeny naturally present in the atmosphere.

Personnel entering a high radiation area or a reactor compartment which is posted as a
high radiation area are required to wear a pocket dosimeter in addition to a TLD.
Pocket dosimeters (either an ionization chamber with an eyepiece or an electronic
personal dosimeter with a digital display) permit wearers to read and keep track of their
own radiation exposure during a work period. The official record of radiation exposure
is still obtained from the TLD.

Discrepancies between TLD and pocket dosimeter measurements or unusual TLD
measurements are investigated. These investigations include making independent,
best estimates of the worker's exposure using such methods as time spent in the
specific radiation area and comparing the estimates with the TLD and pocket dosimeter
measurements to determine which measurement is the more accurate.

Physical Examinations

Radiation medical examinations have been required since the beginning of the Naval
Nuclear Propulsion Program for personnel who handle radioactive material or who could
exceed in 1 year the maximum exposure allowed to a member of the general public
(i.e., 0.1 Rem). These examinations are conducted in accordance with the Navy's
Radiation Health Protection Manual (reference 11). In these examinations the doctor
pays special attention to any condition that might medically disqualify a person from
receiving occupational radiation exposure or pose a health or safety hazard to the
individual, to co-workers, or to the safety of the workplace.

Passing this examination is a prerequisite for obtaining dosimetry, which permits entry
to radiation and radiologically controlled areas and allows handling of radioactive
material. Few of the military personnel who have already been screened by physical
examinations fail this radiation medical examination. For civilian shipyard workers, the
failure rate is a few percent. However, failure of this examination does not mean a
shipyard worker will not have a job. Since shipyard workers spend most of their time on
non-radioactive work, inability to qualify for radioactive work does not restrict their job
opportunities. No shipyard worker in the Naval Nuclear Propulsion Program has been
released solely for inability to pass a radiation medical examination.

When required, radiation medical examinations are given prior to initial work, periodically
thereafter depending on the worker's age, and at termination of qualification to perform
radioactive work in the Naval Nuclear Propulsion Program (or at termination of
employment). The periodic examinations are conducted in accordance with the
following frequencies:
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Age Interval

18-49 Every 5 years
50-59 Every 2 years
=60 Annually

A radiation medical examination includes a review of medical history to determine,
among other things, past radiation exposure, history of cancer, and history of radiation
therapy. In the medical examination, particular attention is paid to evidence of cancer or
a precancerous condition. Laboratory procedures include urinalysis, blood analysis,
and comparison of blood constituents to a specific set of standards. If an examination
of naval civilian or military personnel disqualifies the individual, the individual is restricted
from receiving occupational radiation exposure and the results of the examination are
reviewed by the Bureau of Medicine and Surgery's Radiation Effects Advisory Board.
Only after approval from the Board would the individual be permitted to receive
occupational radiation exposure.

Shipyard, Tender, and Naval Base Training

Periodic radiological controls training is performed to ensure that all workers understand
the general and specific radiological aspects they might encounter, their responsibility to
the Navy and the public for safe handling of radioactive materials, the risks associated
with radiation exposure, and their responsibility to minimize their own radiation exposure.
Training is also provided on the biological risk of radiation exposure to the unborn child.

Before being authorized to perform radioactive work, an employee is required to pass a
radiological controls training course, including a written examination. Typical course
lengths for workers range from 16 to 32 hours. The following are the training
requirements for a fully qualified worker:

1. Radiation Exposure Control:

a. State the limits for whole body penetrating radiation. Explain that the Rem is
a unit of biological dose from radiation.

b. Discuss the importance of the individual keeping track of his/her own
exposure. Know how to obtain year-to-date exposure information.

c. Know that local administrative control levels are established to keep
personnel radiation exposure as low as reasonably achievable. Know his/her
own exposure control level and who can approve changes to this level.

d. Discuss procedures and methods for minimizing exposure, such as working
at a distance from a source, reducing time in radiation areas, and using
shielding.

e. Know that a worker is not authorized to move, modify, or add temporary
shielding without specific authorization.

f. Discuss potential sources of radiation associated with work performed by the
individual's trade.
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. Discuss the action to be taken if an individual loses dosimetric equipment
while in a posted radiation or high radiation area.

Discuss how to obtain and turn in dosimetric equipment.

Know that a TLD for monitoring whole body exposure is always worn on the
chest (waist for Fleet personnel), and pocket dosimeters are worn at the
same location on the body as TLDs when in a high radiation area. Know that
additional TLDs and pocket dosimeters may be required to be worn on the
areas of the body that receive the highest exposure, if other than the chest
(waist for Fleet personnel), when the technical criteria are met. Know that
only radiological controls personnel can authorize additional TLD(s) and
pocket dosimeters to be worn on other areas of the body.

Be aware of the seriousness of violating instructions on radiation warning
signs and unauthorized passage through barriers.

Explain how "stay times" are used.

Know that naval nuclear work at a facility has no significant effect on the
environment or on personnel living adjacent to or within the facility.

. Explain the risk associated with personnel radiation exposure. Know that any
amount of radiation exposure, no matter how small, might involve some risk;
however, exposure within accepted limits represents a risk that is small
compared with normal hazards of life. (The National Council on Radiation
Protection and Measurements has stated that while exposures of workers and
the general population should be kept to the lowest practicable levels at all
times, the presently permitted exposures limit the risk to a reasonable level in
comparison to nonradiation risks.) Know that cancer is the main potential
health effect of receiving radiation exposure. Know that any amount of
radiation exposure to the unborn child, no matter how small the exposure,
might involve some risk; however, exposure of the unborn child within
accepted limits represents a risk that is small when compared with other risks
to the unborn child. Know that the risk to future generations (genetic effects)
is considered to be even smaller than the cancer risk and that genetic effects
have not been observed in human beings.

. Know how often an individual shall read his/her pocket dosimeter while in a
posted high radiation area. Know that a worker shall leave a posted high
radiation area when his/her pocket dosimeter reaches three quarters scale
(for ionization chambers) or when a preassigned exposure is reached,

whichever is lower.

Know that stay times and predetermined pocket dosimeter readings are
assigned when working in radiation fields of 1 Rem/hour or greater. Know
that the worker shall leave the work area when either the assigned stay time
or pocket dosimeter reading is reached.
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2. Contamination Control:

3.

a.

Discuss how contamination is controlled during radioactive work (e.g.,
containment in plastic bags and use of contamination control areas). Explain
that these controls keep exposure to internal radioactivity at insignificant
levels.

Discuss how contamination is detected on personnel.
Discuss how contamination is removed from objects and personnel.

Discuss potential sources of contamination associated with work performed
by the individual's trade.

State the beta-gamma surface contamination limit. Discuss the units for
measuring contamination.

Explain what radioactive contamination is. Explain the difference between
radiation and radioactive contamination.

For personnel who are trained to wear respiratory protection equipment, state
the controls for use of such equipment. Know that the use of a respirator is
based on minimizing inhalation of radioactivity. Know that the respirators
used for radiological work are not used for protection in any atmospheres that
threaten life or health. Therefore, know that the proper response to a
condition in which supply air is lost or breathing becomes difficult is to remove
the respirator.

Discuss the required checks to determine whether personnel contamination
monitoring equipment is operational before conducting personnel monitoring.
Discuss the action to be taken if the checks indicate the equipment is not
operating properly.

Discuss the actions to be taken if personnel contamination monitoring
equipment alarms while conducting personnel monitoring.

Discuss the procedure to package and remove a contaminated item from a
controlled surface contamination area.

Know that if a worker’s skin receives radioactive contamination associated
with naval nuclear propulsion plants, no health effects are expected.

Discuss the procedures for donning and removing a full set of
anticontamination clothing.

Accountability of Radioactive Materials: Know that radioactive materials are

accounted for when transferred between radiologically controlled areas by
tagging, tracking location, and using radioactive material escorts.
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4. Waste Disposal:

a. Discuss how individual workers can reduce the amount of radioactive liquid
and solid waste generated for the specific type of duties performed.

b. Discuss the importance of properly segregating non-contaminated, potentially
contaminated, and contaminated material.

c. Know what reactor plant reuse water is. Discuss the appropriate uses of
reactor plant reuse water.

5. Radiological Casualties:

a. Discuss the need for consulting radiological controls personnel when
guestions or problems occur. Understand the importance of complying with
the instructions of radiological controls personnel in the event of a problem
involving radioactivity.

b. Discuss procedures to be followed in the event of a spill of material (liquid or
solid) which is or might be radioactive.

c. Discuss procedures to be followed when notified that airborne radioactivity is
above the limit.

d. Discuss procedures to be followed if a high radiation area is improperly
controlled.

e. Discuss actions to be taken when an individual discovers his/her pocket
dosimeter is off-scale, alarms, or has recorded a higher reading than
expected.

6. Responsibilities of Individuals: Discuss actions required in order to fulfill the
worker's responsibilities. Discuss the responsibility of the individual to notify the
Radiation Health Department or the Medical Department of radiation medical
therapy, medical diagnosis involving radioisotopes, open wounds or lesions,
physical conditions that the worker feels affect his or her qualification to receive
occupational radiation exposure, or occupational radiation exposure from past or
current outside employment. Discuss the responsibility of the individual to report
to area supervision or radiological controls personnel any condition that might
lead to or cause avoidable exposure to radiation.

7. Practical Ability Demonstrations: These demonstrations are performed on a
mockup.

a. Demonstrate the ability to read all types of pocket dosimeters used by the
organization.

b. For applicable workers, demonstrate the proper procedure for donning
and removing a full set of anticontamination clothing.

c. Demonstrate the proper procedures for entering and leaving a high radiation
area, a radiologically controlled area, and a control point area, including
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proper procedures for self-monitoring. Demonstrate the ability to read and
interpret posted radiation and contamination survey maps.

For applicable workers, demonstrate the ability to properly package
and remove an item from a controlled surface contamination area.

Demonstrate action to be taken by one or two workers in the event of a spill of
radioactive liquid.

For personnel who will enter or remain in areas where respiratory protection
equipment is required, demonstrate the proper procedure for inspection and
use of the type(s) of respiratory equipment the individual will be required to
wear as part of mockup training for the job. This includes demonstrating how
to don and remove the type of respiratory equipment in conjunction with
anticontamination clothing, if anticontamination clothing must be worn with the
respiratory equipment. In addition, individuals who are trained to wear air-fed
hoods demonstrate the proper response if supply air is lost while wearing

one.

For personnel who are trained to work in contamination control areas,
demonstrate the proper procedures for working in these areas. This
demonstration includes a pre-work inspection, transfer of an item into the
area, a work evolution in the area, and transfer of an item out of the area.

Production supervisors who oversee radiological work are required to have at least the
same technical knowledge and abilities as the workers; however, passing scores for
supervisors' examinations are either higher or more difficult to attain than they are for
workers. In addition to the technical knowledge requirements for workers, supervisors
are required to understand the following:

8. Supervisor Knowledge Requirements:

a.

Understand how effective radiation exposure estimating and planning
processes are used to minimize personnel radiation exposure. Explain how
these estimates are applied and managed, including the concept of avoidable
radiation exposure and how it is documented.

Understand how to interpret radiological survey maps of radiological job sites
in order to understand the radiological environment and effectively
plan/accomplish radiological work to minimize radiation exposure.

Understand how to apply technical work document engineering decision
points during the conduct of nuclear work.

Understand the requirements for identification and control of radioactive
material, particularly the need to determine the control and disposition of
material and waste during planning for work.

Understand the requirements for, and the significance of, radiological
inspections steps in a technical work document.
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Understand the purpose of the radiological deficiency reporting and deficiency
log systems.

. Understand the processes used to control nuclear work and how to apply
these processes to work execution and risk mitigation.

. Understand how to develop and conduct a pre-job briefing to assess work
readiness. Understand the purpose of and how to conduct a radiological
work debrief.

Understand how to identify dynamic work operations that have a potential for
increasing radiation and contamination levels.

Understand the tools engineered in technical work documents to ensure
radiological control schemes are not exceeded.

Understand the requirement and basis for multiple dosimeter placement.

Understand that the supervisor’s role for work in radiation fields greater than
or equal to 1 Rem/hour is to directly observe the worker(s) and ensure that
specified body position is maintained. Understand that a detailed gradient
radiation survey is required to be specified in the technical work document.

. Understand the methods for identifying, posting, controlling access to, and
securing high radiation areas.

. Understand the contamination levels for which corresponding increases in
contamination controls are required while working in controlled surface
contamination areas. Understand the risks and limitations associated with
such work.

. Understand the marking, tagging, transport, and storage requirements for
radioactive material.

. Understand that, in the following situations, emergency response actions take
precedence over radiological controls:

(1) Medical treatment of seriously injured personnel.

(2) Extinguishing fires.

(3) Responding to security alarms.

(4) Evacuating personnel due to an announced casualty (e.g., flooding,
fire, ship collision, toxic gas leak).

. Understand supervisory techniques for oversight of work, with emphasis on
identifying, correcting, and documenting problems.

Understand that proper housekeeping during work execution reduces
radiological risk.
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s. Understand the requirements for leaving a radiological work site in a
satisfactory condition.

In addition to passing a written examination, completion of this training course requires
satisfactory performance during basic types of simulated work operations.

To continue as a radiation worker or production supervisor, personnel must requalify in
a manner similar to the initial qualification at least every 2 years. Between these
gualification periods, personnel are required to participate in a continuing training
program, and the effectiveness of that continuing training is tested often. Training is
also conducted by individual shop instructors in the specific job skills for radiation work
within each trade. For complex jobs this is followed by special training for the specific
job, frequently using mockups outside radiation areas.

Radiological controls technicians are required to complete a 6-12 month course in
radiological controls, to demonstrate their practical abilities in work operations and drills,
and to pass comprehensive written and oral examinations. Radiological controls
technician supervisors are required to have at least the same technical knowledge and
abilities as the technicians; however, passing scores for supervisors' examinations are
either higher or more difficult to attain than they are for technicians. Oral examinations,
which are conducted by radiological controls managers and senior supervisors, require
personnel to evaluate symptoms of unusual radiological controls situations. The
radiological controls technician or supervisor is required to evaluate initial symptoms,
state immediate corrective actions required, state what additional measurements are
required, and do a final analysis of the measurements to identify the specific problem.
After qualification, periodic training sessions are required in which each radiological
controls technician and supervisor demonstrates the ability to handle situations similar
to those covered in the oral examinations. At least every 2% years, radiological controls
technicians have to requalify through written and practical abilities examinations similar
to those used for initial qualification. Additionally, their first requalification includes an
oral examination similar to the one required for initial qualification. Between
gualification periods, radiological controls technicians and supervisors are required to
be selected at random for additional written and practical abilities examinations. They
also must participate in unannounced drills.

In addition to the above training for those who are involved in radioactive work, each
shipyard employee and each person assigned to a nuclear-powered ship or a support
facility that is not involved in radioactive work is required to receive basic radiological
training which is repeated at least annually. This training is to ensure personnel
understand the posting of radiological areas, the identification of radioactive materials,
and not to cross radiological barriers. This instruction also explains that the radiation
environment of personnel outside radiation areas and outside the ship or shipyard is not
significantly affected by nuclear propulsion plant work.

Nuclear Power Training

Military personnel who operate naval nuclear propulsion plants are required to pass a
6-month basic training course at Nuclear Power School and a 6-month qualification
course either at a land-based prototype of a shipboard reactor plant or at a moored
training ship. Each nuclear-trained officer and enlisted person receives extensive
radiological controls training, including lectures, demonstrations, practical work,
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radiological controls drills, and written and oral examinations. This training emphasizes
the ability to apply basic information on radiation and radioactivity.

Those enlisted personnel who will have additional responsibilities for radiological
controls associated with operation of nuclear propulsion plants are designated
Engineering Laboratory Technicians and receive an additional 3 months of training after
completion of the 1-year program. Engineering Laboratory Technicians and other
selected nuclear-trained personnel who are assigned radiological controls duties at
naval bases and tenders normally receive an additional intensive 4-month training
program in the practical aspects of radiological controls associated with maintenance
and repair work.

Before becoming qualified to head the engineering department of a nuclear-powered
ship, a nuclear-trained officer must pass a written examination and a series of oral
examinations conducted at Naval Nuclear Propulsion Program Headquarters. A key
part of these qualification examinations is radiological controls.

Any officer who is to serve as commanding officer of a nuclear-powered ship must attend
a 3-month course at Naval Nuclear Propulsion Program Headquarters. The radiological
controls portion of this course covers advanced topics and assumes the officer starts
with detailed familiarity with shipboard radiological controls. The officer must pass both
written and oral examinations in radiological controls during this course before
assuming command of a nuclear-powered ship.

Radiation Exposure Reduction

Keeping personnel radiation exposures as low as reasonably achievable involves all
levels of management in nuclear-powered ships and their support facilities. Operations,
maintenance, and repair personnel are required to be involved in this subject; radiation
exposure reduction is not left solely to radiological controls personnel. To evaluate the
effectiveness of radiation exposure reduction programs, managers use a set of goals.
Goals are established in advance to keep each worker's exposure under certain levels
and to minimize the number of workers involved. Goals are also set for the total
cumulative personnel radiation exposure for each major job, for the entire overhaul or
maintenance period, and for the whole year. These goals are deliberately made hard to
meet in order to encourage personnel to improve performance.

Of the various goals used, the most effective in reducing personnel radiation exposure
has been the use of individual exposure control levels, which are lower than the Navy's
quarterly and annual limits. Control levels in shipyards range from 0.5 Rem to 2 Rem
for the year (depending on the amount of radioactive work scheduled), whereas 5 Rem
per year is the Navy limit. Because of the conservative shielding design, control levels
for personnel on nuclear-powered ships are maintained even lower than those in
shipyards, with no personnel exceeding 1 Rem for the year.

To achieve the benefits of lower control levels in reducing total radiation exposure, it is
essential to minimize the number of workers permitted to receive radiation exposure.
Otherwise, the control levels could be met merely by adding more workers.
Organizations are required to conduct periodic reviews to ensure that the number of
workers is the minimum for the work that has to be performed.
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The following is a synopsis of the principles that have been in use for years to keep
personnel radiation exposure as low as reasonably achievable during maintenance,
overhaul, and repair.

Preliminary Planning

Plan well in advance
Delete unnecessary work
Determine expected radiation levels

Preparation of Work Procedures

Plan access to and exit from work area

Provide for service lines (air, welding, ventilation, etc.)

Provide communication (sometimes includes closed-circuit video)
Remove sources of radiation

Plan for installation of temporary shielding

Decontaminate

Work in lowest radiation levels

Perform as much work as practicable outside radiation areas
State requirements for standard tools

Consider special tools

Include inspection requirements (these identify steps where radiological
controls personnel must sign before the work can proceed)
Minimize discomfort of workers

Estimate total radiation exposure

Temporary Shielding

Control installation and removal by written procedure

Inspect after installation

Conduct periodic radiation surveys

Minimize damage caused by heavy lead temporary shielding

Balance radiation exposure received in installation against exposure to be
saved by installation

Shield travel routes

Shield components with abnormally high radiation levels early in the
maintenance period

Shield the work area based on worker body position

Perform directional surveys to improve design of shielding by locating sources
of radiation

Use mockup to plan temporary shielding design and installation

Rehearsing and Briefing

Rehearse

Use mockup duplicating working conditions
Use photographs

Brief workers

Performing Work

Post radiation levels
Keep excess personnel out of radiation areas
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e Minimize beta radiation exposure (anticontamination clothing effectively
shields cobalt-60 betas)

Supervisors and workers keep track of radiation exposure

Workers assist in radiation and radioactivity measurements

Evaluate use of fewer workers

Reevaluate reducing radiation exposures

Since its inception, the Naval Nuclear Propulsion Program has stressed the reduction of
personnel radiation exposure. Beginning in the 1960s, a key part of the Program's effort
in this area has involved minimizing radioactive corrosion products throughout the
reactor plant, which in turn has significantly contributed to reducing personnel radiation
exposure. Additional measures that have been taken to reduce exposure include
standardization and optimization of procedures, development of new tooling, improved
use of temporary shielding, improved radiation monitoring methods, and compliance
with strict contamination control measures. For example, most work involving
radioactive contamination is performed in a containment. This practice minimizes the
potential for spreading contamination and thus reduces work disruptions, simplifies
working conditions, and minimizes the cost of—and the exposure during—cleanup.

Lessons learned during radioactive work and new ways to reduce exposure developed
at one organization are made available for use by other organizations in the Naval
Nuclear Propulsion Program. This effort allows all of the organizations to take
advantage of the experience and developments at one organization and minimizes
unnecessary duplication of effort.

The extensive efforts that have been taken to reduce exposure in the Naval Nuclear
Propulsion Program have also had other benefits, such as reduced cost to perform
radioactive work and improved reliability. Among other things, detailed work planning,
rehearsing, total containment, special tools, and standardization have increased
efficiency and improved access to perform maintenance. The overall result is improved
reliability and reduced costs.

Radiation Exposure Data

Radioactive materials had been handled in shipyards for years before naval nuclear
propulsion plant work started. Examples of such work include non-destructive testing
using radiography sources and radiation instrument calibration using radioactive sources.
Since this work is licensed by the Nuclear Regulatory Commission or by a State under
agreement with the Nuclear Regulatory Commission, the radiation exposure from this
licensed work has been excluded whenever practicable from this report of occupational
exposure received from naval nuclear propulsion plants and their support facilities.

Table 1 shows the dates when radioactive work associated with naval nuclear propulsion
plants started in each of the 11 shipyards. Seven of these shipyards have constructed
naval nuclear-powered ships; however, little radiation exposure is received in new
construction. The dates of starting reactor plant overhaul, therefore, are the significant
dates for start of radioactive work.

The total occupational radiation exposure received by all Navy and shipyard personnel
in the Naval Nuclear Propulsion Program in 2020 was 517 Rem. Table 2 summarizes

radiation exposure received in nuclear-powered ships and their supporting tenders and
naval bases since the first nuclear-powered ship went to sea in January 1955. Most of
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the radiation exposure in this table results from inspection, maintenance, and repair
work in the reactor compartments of ships. In general, radiation exposures for reactor
compartment work increase as reactor plant radiation levels increase with the age of the
plant.

Table 3 summarizes radiation exposures of shipyard personnel since the start of naval
nuclear propulsion plant radioactive work in 1954. Figure 2 shows the total shipyard
personnel radiation exposure alongside the amount of work at the shipyards. Since ship
overhauls frequently overlap calendar years, the number of ships in overhaul shown in
Figure 2 were determined by dividing by 12 the total number of months each ship was in
overhaul during a calendar year. Overhauls include defueling and inactivation of
decommissioned ships.

Figure 2 shows that, from the peak in 1966 until the 1990s, total personnel radiation
exposure was reduced in the shipyards while the amount of work increased. The total
shipyard radiation exposure increased from 372 Rem in 2019 to 383 Rem in 2020. The
total Fleet radiation exposure decreased from 142 Rem in 2019 to 134 Rem in 2020.

The increase in the numbers of personnel monitored and total radiation exposure in the
early years shows the increase in reactor plant work as the number of ships increased.
By 1962, four submarine reactor plants had been overhauled and major efforts were
underway to reduce radiation levels. By 1966, the number of ships in overhaul had
quadrupled, as indicated by the buildup to the peak in total radiation exposure.
Subsequently, the number of ships in overhaul more than quadrupled again. Decreases
in total annual exposures, numbers of personnel monitored, and numbers of personnel
with annual exposures over 2 Rem have been as a result of efforts to reduce radiation
exposures to the minimum practicable.

The total number of shipyard personnel monitored for radiation exposure associated with
the Naval Nuclear Propulsion Program is about 242,000. Since a worker usually is
exposed to radiation in more than one year, the total number of personnel monitored
cannot be obtained by adding the annual numbers.

Table 4 provides further information about the distribution of shipyard and Fleet personnel
radiation exposures. In 2020, more than 99 percent of those monitored for radiation in
shipyards and 100 percent of those in ships received less than 0.5 Rem in a year. Since
1954, the average annual exposure per person monitored is 0.163 Rem in shipyards and
0.062 Rem in ships, which is less than the 0.3 Rem average annual exposure a person
in the U.S. receives from natural background radiation (including the inhalation of radon
and its progeny) (reference 12).

Table 4 also lists the numbers of personnel who have exceeded the 3 Rem quarterly
exposure limit. In no case did personnel exceed the pre-1994 Federal accumulated
limit of 5 Rem for each year of age over 18. The total number of persons who have
exceeded the 3 Rem quarterly limit since the limit was imposed in 1960 is 37, of whom
4 were military personnel aboard ships. Of the 37 personnel, 30 had quarterly
exposures in the range of 3 to 4 Rem, and the highest exposure was 9.7 Rem in a
quarter. Navy procedures require any person who receives greater than 25 Rem in a
short time period to be placed under medical observation. No Program personnel have
ever reached this level. Since 1967 no person has exceeded 3 Rem per quarter year
(the Federal government eliminated the quarterly limit in the Presidential Guidance of
1987). Additionally, since 1968 no person has exceeded the Navy's self-imposed limit
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of 5 Rem per year for radiation exposure associated with naval nuclear propulsion
plants. The 5 Rem per year Federal limit was formally adopted by the Nuclear
Regulatory Commission in 1994,

The average lifetime accumulated exposure from radiation associated with naval
nuclear plants for all shipyard personnel is approximately 0.89 Rem. Since the average
annual exposure per person since 1954 is 0.163 Rem, this means that the average
shipyard radiation worker is monitored because of naval nuclear propulsion plant work
for approximately 5 years. The average lifetime accumulated exposure for the
approximately 145,000 naval officers and enlisted personnel trained to date to operate a
nuclear propulsion plant is approximately 0.58 Rem. These radiation exposures are
much le